Heat load on main chamber plasma facing component are measured with a wide angle infrared camera during disruptions on JET. For the first time, fast measurements of heat loads on the main chamber plasma facing components (about 1ms time resolution) are analysed. The timescale of energy deposition during the thermal quench is estimated and compared with timescale of the core plasma collapse measured with soft X-ray. The energy deposition time is 3-7 times longer than the plasma energy collapse during density limit disruptions or radiative limit disruptions. This factor is rather in the range 1.5-6 for vertical displacement events. The heat load profiles measured during the thermal quench show substantial broadening of the power footprint on the upper dump plate. The scrape off layer width is increased by a factor 10 for density limit disruptions and radiative limit disruptions. In the density limit disruption, the far scrape off layer is characterised by a steeper gradient by a factor 2. That could be explained by shadowing of the dump plate by other main chamber plasma facing components like the outer limiter.
Introduction
During a disruption, the thermal energy, W th , is quickly lost (thermal quench) leading to a fast decrease of the plasma temperature. Consequently the plasma resistivity increases and the plasma current decays (current quench). During the thermal quench (TQ), the energy is quickly lost mainly by conduction onto the plasma facing components (PFCs). As shown in Figure 1a , in density limit disruptions (DLD) (or radiated limit disruptions (RLD)), the stored energy at the TQ is typically 25% of that at full performance plasmas. Part of the stored energy is deposited onto the divertor prior to the thermal quench on a timescale of the energy confinement time. However, at the thermal quench, a significant part of the remaining energy flows to the main chamber PFCs, in particular to the upper dump plate. This confirms recent published results [1] and is consistent with former observation [2, 3] , showing that between 50% and 90% of the energy is not flowing to the divertor, even in diverted configuration. During the current quench (CQ), part of the energy stored in the poloidal magnetic field, W ohmic , is radiated leading to additional heat loads to the PFCs [2] . In a vertical displacement event (VDE), the control of the position is lost and the plasma moves upward on JET (see Figure 2c ) resulting in limited plasma until it disrupts. When the plasma displaces upward, most of the energy is expected to flow onto the upper main chamber PFCs (upper dump plate). Because of the short warning they offer and the small fraction of stored energy that can be lost gradually before the instability, the VDEs (together with other sudden lost of confinement, like ITB collapse) are most of a concern regarding the damage to the main chamber PFCs [3] .
The questions we address here are: 1) How quickly the energy flows onto the main chamber PFCs? 2) How is this energy distributed onto the main chamber PFCs? An accurate description of the energy transfer from the plasma to the PFCs is necessary to assess the potential PFCs erosion/melting in ITER. JET is certainly the most appropriate machine to scale heat loads to ITER because of its size and its plasma stored energy.
The wide angle infrared IR camera installed in JET [4] and the recent upgrade of the bolometer systems for P rad measurement [5] allow us to answer partly to the two questions above. We compare the timescales of the energy deposition (on the upper dump plate) and of the core plasma collapse during the TQ. The poloidal heat load profiles on the upper dump plate are then analysed and scrape off layer width is estimated.
Measurements

IR measurements and diagnostic issues
The heat load distribution onto the main chamber PFCs is measured with a wide angle IR camera. The IR camera provides surface temperature measurements (see examples in Figure 3a and b), and the heat loads are computed from the temperature evolution, using the non linear finite element code THEODOR [6] (non linear here means that thermal conductivity and diffusivity depend on the temperature). 1D temperature profiles, T(s,t), are computed from the 2D surface temperature in order to reduce the complexity of the image leading to 1D heat load profiles, q(s,t) (see sub-section 2.2 for details).
In our case the lateral diffusion (parallel to the surface) of the PFC is neglected since the whole disruption lasts not more than 100ms (pre-disruption phase included). The heat diffusivity of carbon fibre composite (CFC) is such that the temperature would diffuse on few mm after 100ms, which is lower than the spatial resolution of the camera (about 2cm).
In order to measure temperatures at a time resolution of the order of 1ms, the active area of the IR detector must be reduced by about an eighth of the initial image (see white rectangles in Figure 3 ). Such measurements can be taken only in dedicated experiments when the disruptions are purposely triggered and the camera set with optimised parameters. This has two consequences: 1) a statistical study cannot (yet) be achieved with high time resolution data, and 2) the low repetition rate of dedicated experiments on disruptions led us to make choices on the area we want to observe. The coverage of the main chamber PFCs is therefore partial. However, slow time a) b) c)
Figure 3: Images from the wide angle IR camera during a VDE (a) and a DLD (b) The white rectangles indicate the sub-windows taken for high time resolution measurements (1.1ms ≤ Δt IR ≤ 2.3ms). (c) Mapping of the upper dump plate image during a VDE (Pulse 74924). The vertical axis is the poloidal distance, s, along the upper dump plate (0 is on the high field side and 800 is on the low field side).
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resolution measurements guided us in our choices. The IR data presented in section 3 have a time resolution in the range: 1.1ms ≤ Δt IR ≤ 1.8ms Figure 3a - Figure 3b illustrate the heat load distribution a few ms after the thermal quench of a VDE and of a DLD disruption respectively. The hottest parts of the PFCs are denoted by the dark red areas. These images present very complex patterns due to the many PFCs in the field of view. In the two cases of Figure 3 we observe a strong interaction with the upper dump plate (top of the image) and with the inner poloidal limiters (on the left). Note that the inner part of the divertor seems very hot but this is dominated by surface layers that heats up very quickly with not necessarily high heat loads [8] . In this paper we will concentrate our study on the upper dump plate as it is an area exposed to significant heat loads.
Heat load distribution
The complexity of the heat load footprint can be better appreciated when the image is mapped in the (s,φ) coordinate system, where s is the distance along the dump plate in the poloidal direction (taken from the edge on the high filed side) and φ is the toroidal angle. Figure 3c shows an example of the footprint during a VDE. In this paper, we reduce the complexity of the 2D pattern to a 1D poloidal profile by averaging the surface temperature in the toroidal direction. From the poloidal temperature profiles, T(s,t), heat load profiles, q(s,t) are computed with a spatial resolution of Δs=60mm at the dump plate. This leads to underestimated heat loads but nonetheless allows us to estimate the timescale and poloidal distribution of the energy deposition.
The scrape off layer (SOL) width, λ q , can be deduced from the poloidal heat load profiles. In Figure 2 , we show magnetic equilibrium that can be used to map the poloidal profiles to the outer mid-plane radius, r, and calculate the associated radial power widths defined as λ q = ∫q _ (r)dr/q _max . Equilibrium reconstructions do not necessarily converge for times after the TQ, and in that case, we take the last available equilibrium.
Timescale of plasma collapse during the thermal quench
The measurement of the plasma collapse during the TQ is provided by the fast soft Xray diagnostic (Δt SXR =0.2ms) as illustrated in Figure 1 . A central and off axis channels (see Figure 2c for channel numbers) are shown, and by taking the maximum amplitude of all the channels: SXR max (thick black curve), we can follow the core plasma collapse, even during a VDE where the plasma moves. The thermal quench start, t th,quench , is taken at the beginning of the last crash, and in this paper all the time axis are shown relatively to t = t th,quench = 0. The timescale of the energy collapse, τ TQ,SXR , is estimated by taking the decay time between 90% and 20% of the amplitude at t=0.
Results
Timescale of energy deposition during thermal quench
At JET the timescale of the energy collapse during the thermal quench, τ TQ,SXR , was measured to be in the range: 1ms≤τ TQ,SXR ≤3ms [8] . Figure 4 shows a time sequence 100ms around the TQ for two different disruptions (a DLD and an RLD) and for a VDE. The main parameters (W th , I p , τ TQ,SXR ) and related pulse numbers are listed in Table 0 . The time scale of the energy deposition, τ TQ,IR , is estimated from the peak heat load, q pk , defined as the maximum of the poloidal heat load profiles, q(s). In the 3 cases of Figure 4 , q pk , reaches a first maximum quickly after t=0 (TQ). We take that first peak as an indicator for the timescale of the energy deposition due to the TQ τ TQ,IR . The second peak is not relevant since it is probably dominated by radiation (it roughly corresponds with the maximum of P rad ), and corresponds to the CQ phase. Figure 5a shows τ TQ,IR , as a function of τ TQ,SXR for the 5 discharges listed in Table 0 . It shows that the energy deposition time is 3-7 times longer than that of the plasma collapse for DLD and RLD. For VDEs, the energy deposition seems to be rather 1.5-4 times longer. This results confirms expectations that the transport in the plasma edge plays a major role on the power flux toward the PFCs during disruptions.
Heat load profiles and SOL width
In this section, we analyse the heat load profiles evolution for the 3 pulses shown in Figure 4 . Thanks to the high triangularity of the selected discharges, the first limited flux surface on the upper dump plate is between r=0-20mm according to the equilibrium shown in Figure 2 . The SOL power width evolution, λ q (t), shown in Figure 4 (bottom) indicates a strong broadening of the profiles during the TQ for the DLD and the RLD. From λ q =30mm at t=0, they increase by a factor 3-4 during the TQ (value taken after t=τ TQ,IR and before the second maximum of q pk ). For the VDE, the increase is smaller (a factor 4/3), but if we take the profiles earlier, at t=-10ms, when the separatrix touches the upper dump plate, we find a smaller value: λ q =12mm. 
axis). Two disruptions: a DLD (blue) and an RLD (green) are compared with a VDE (red).
With this reference value of λ q , the broadening is rather a factor 8-10 for the DLD and the RLD and a factor 3 for the VDE. These results are broadly consistent with previous observations of power load broadening on the divertor [9] .
The most interesting observation can be done on the DLD profiles, where we have compute from the heat load, the power flux in the SOL parallel to the magnetic field lines, q // . Four time slices of q // profiles are shown in Figure 5b (log scale). At t=2.5, the profile suggests two different λ q , one for the near SOL, λ q,near (r<50mm) and one other for the far SOL, λ q,far (r>50mm). The separation is indicated by the vertical marker on the profile. A linear interpolation of the 2 regions (dashed lines in Figure 5 (b)) gives the two following values:
The lower λ q,far indicates that the power gradient is steeper (by a factor 2.6) in the far SOL. This could be explained by the shadowing of the upper dump plate with other main chamber PFCs like the outer limiters or the divertor [10] . The magnetic equilibrium in Figure 2 (a) indicate that from r=80mm the plasma is limited by the divertor upper tiles, whereas for r<80, the power is only shared between the upper dump plate and the inner limiter. If one refers to the wide angle IR view (pulse 69327 in Figure 3b ), it seems that the interaction is rather on the outer limiters than the outer divertor. Further experiments should be carried out to confirm this result.
Conclusion
In this paper we show the first fast measurement of heat load on the main chamber PFC during disruptions at JET. Based on the heat load measured on the upper part of main chamber, the timescale for energy deposition during the thermal quench is measured and compared with timescale for energy loss from the main plasma, measured with soft X-rays. It is found that for density limit and radiative limit disruptions the timescale for energy deposition at the upper wall during the thermal quench is substantially longer (by a factor 3-7) than the core plasma collapse time.
For vertical displacement events, this ratio is smaller (a factor 1.5-4). This provides strong evidence that energy transport in the (probably) ergodised edge plasma during the thermal quench plays a major role in determining the duration of the power flux pulse.
The heat load profiles measured on the upper dump plate during the thermal quench show substantial broadening of the power footprint in agreement with previous divertor observations, with power decay length in the range 3-10cm mapped at the outer midplane radius (i.e a factor of 3-10 times larger than that for typical H-modes in these conditions). Despite this large broadening near the separatrix contact point with the upper wall, shadowing of the power fluxes to remote elements in the vacuum vessel by the JET inner wall and outer limiters leads to noticeable steeper gradient of the power flux in the far scrape off layer. This provides a guideline to be taken into account for the optimisation of the detailed design of the main wall plasma facing components in ITER.
